Abstract Tumor cells have a high tolerance for acidic and hypoxic microenvironments, also producing abundant lactic acid through accelerated glycolysis in the presence or absence of O 2 . While the accumulation of lactate is thought to be a major contributor to the reduction of pH-circumscribing aggressive tumors, it is not known if other endogenous metabolic products contribute this acidity. Furthermore, anaerobic metabolism in cancer cells bears similarity to homofermentative lactic acid bacteria, however very little is known about an alternative pathway that may drive adenosine triphosphate (ATP) production independent of glycolysis. In this study, we quantify over 40 endproducts (amines, acids, alcohols, aldehydes, or ketones) produced by malignant neuroblastoma under accelerated glycolysis (+glucose (GLU) supply 1-10 mM) ± mitochondrial toxin; 1-methyl-4-phenylpyridinium (MPP + ) to abate aerobic respiration to delineate differences between anaerobic vs. aerobic cell required metabolic pathways. The data show that an acceleration of anaerobic glycolysis prompts an expected reduction in extracellular pH (pH ex ) from neutral to 6.7±0.006. Diverse metabolic acids associated with this drop in acidity were quantified by ionic exchange liquid chromatography (LC), showing concomitant rise in lactate (Ctrls 7.5±0.5 mM; +GLU 12.35±1.3 mM; +GLU + MPP 18.1±1.8 mM), acetate (Ctrl 0.84±0.13 mM: +GLU 1.3±0.15 mM; +GLU + MPP 2.7±0.4 mM), fumarate, and a-ketoglutarate (<10µM) while a range of other metabolic organic acids remained undetected. Amino acids quantified by o-phthalaldehyde precolumn derivatization/electrochemical detection-LC show accumulation of L-alanine (1.6±.052 mM), L-glutamate (285±9.7µM), L-asparagine (202±2.1µM), and L-aspartate (84.2±4.9µM) produced during routine metabolism, while other amino acids remain undetected. In contrast, the data show no evidence for accumulation of acetaldehyde, aldehydes, or ketones (Purpald/2,4-dinitrophenylhydrazineBrady's reagent), acetoin (Voges-Proskauer test), or alcohols (NAD + -linked alcohol dehydrogenase). In conclusion, these results provide preliminary evidence to suggest the existence of an active pyruvate-alanine transaminase or phosphotransacetylase/acetyl-CoA synthetase pathway to be involved with anaerobic energy metabolism of cancer cells.
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Anaerobic metabolism in tumor tissue renders excessive lactate which leads to reduction of pH in the tumor microenvironment which amplifies the fermentative processes by potentiating mitochondrial pyruvate dehydrogenase inhibition (Bongaerts et al. 2006 ) and preventing von Hippel-Lindau tumor suppressor protein from degrading HIF-1α (Mekhail et al. 2004) . Aggressive malignancies are often marked by heightened concentrations of lactic acid, LDH protein expression (Walenta et al. 2004), acidity, hypoxia (De Milito and Fais 2005; Herrmann and Herrmann 2007) , and a growing resistance to acidity in part due to HIF-1-mediated expression of carbonic anhydrase (Pastorekova et al. 2008) . These adaptive changes in response to an acidic and hypoxic environment may also be responsible for the greater incidence of anaerobic yeast and bacterial infections occurring in cancer patients (Rafailidis et al. 2008) .
With an understanding of the importance of the hypoxic-acidic nature by which tumor cells thrive, novel therapies to fight cancer may involve targeting proteins that impair anaerobic energy metabolism within the tumor. However, there is a need for research which defines clearly how malignant tumor cells produce ATP from glucose under anaerobic conditions and to determine if there are other fermentation pathways involved independent of the Embden-Meyerhof pathway (EMP) pathway. Tumor metabolism bears an overt resemblance to primitive anaerobic microbes which produce energy from carbon substrates under both anaerobic and aerobic conditions, showing preference for slightly acidic pH to optimize survival. The term fermentation often applies to these microbes describing the oxidation (loss of electrons) of an energy substrate (i.e., sugar or amino acids) to an electron acceptor such as NAD + , where oxidation-reduction reactions drive the synthesis of ATP by substrate-level phosphorylation (SLP) in the absence of O 2 . In these microbes, a mitochondrion is not required to produce energy and as a result a diverse range of metabolic products accumulate including organic acids, alcohols, aldehydes, and gasses as by-products of SLP.
This study aims to gain greater understanding of the anaerobic nature of tumor cell energy metabolism by analyzing the presence of a diverse range of fermentative products and acids routinely produced during glucose metabolism contiguous to the drop in pH, rise in lactic acid, and forced anaerobic conditions by blocking mitochondrial function in malignant tumor cells in vitro. (Biedler et al. 1978; Finklestein et al. 1975) . N-2A cells were grown in DMEM with phenol red, 10% FBS, 4 mMLglutamine, 20µM sodium pyruvate, and penicillin/ streptomycin (100 U per 0.1 mg/ml). The cells were maintained at 37°C in 5% CO 2 /atmosphere. Every 2-5 days, the medium was replaced and the cells were subcultured. The experimental plating media consisted of DMEM minus phenol red, 1.8% FBS, penicillin/ streptomycin (100 U per 0.1 mg/ml), 2 mM sodium pyruvate, and 3 mML-glutamine. For experiments, cells were plated in 96-well plates at a density of approximately 0.5×10 6 cells per milliliter. A stock solution for each experimental compound was prepared in HBSS+5 mM (N-[2-hydroxyethylpiperazine]-N′-[2-ethanesulfonic acid]) (HEPES) and adjusted to a pH of 7.4.
Methods and materials

Cell metabolism
Cell metabolism/viability was assessed using resazurin (AlamarBlue) indicator dye (Mazzio and Soliman 2004) . A working solution of resazurin was prepared in sterile PBS minus phenol red (0.5 mg/ml), added (15% v/v) to the samples, and returned to the incubator for 6-8 h. Reduction of the dye by viable cells was quantitatively analyzed using a microplate fluorometer, Model 7620, version 5.02 (Cambridge Technologies Inc, Watertown, Mass) with settings established at [550/580], [excitation/emission].
Glucose quantification
Glucose was assessed using an enzymatic assay containing glucose oxidase (20 U/ml) and a chromogenic solution containing 1 mM vanillic acid, 500µM of 4-aminoantipyrine and 4 U/ml purpurogallin of horseradish peroxidase-type II (Mazzio and Soliman 2004) . Both solutions were prepared in distilled water containing 10 mM HEPES, adjusted to a pH of 5.1. The combined reagent was added to each sample and returned to the incubator for 5 min at 37°C. Glucose was quantified on a UV microplate spectrophotometer, Model 7600 version 5.02, Cambridge Technologies Inc. (Watertown, MA, USA) with wavelength settings at 490 nm.
Determination of H + concentration
Extracellular pH(ex) was determined using phenol red indicator dye and dual determination using a HANNA handheld portable pH checker (Sigma Chemical, MO, USA). Briefly, a phenol red stock solution (0.3 mg/ml in distilled H 2 0) was added (15% v/v) to the cell supernatants after 24 h. The change in pH was assessed by measuring the drop in OD against a scanning range of 350-650 nm using a Spectra 190 max UV detector (Molecular devices, Sunnydale, CA, USA). Results were corroborated with a handheld portable pH device. Intracellular cytosolic H + ion concentration was assessed with BCECF-AM (Ozkan and Mutharasan 2002) . A stock solution of BCECF-AM was prepared in absolute ethanol and diluted with HBSS (1:9) to a concentration of 48.8µg/ml. After 24 h, cells were loaded with BCECF-AM (6µM; 13% v/v) for 60 min. The supernatant was discarded; the cells were washed with PBS. Samples were analyzed using an Olympus IX-70 inverted microscope with a mercury burner [490/530] [excitation/emissions]; images were captured by an MD35 Electronic Eyepiece (Zhejiang Jincheng Sci and Tech Co., Ltd., China), and photographic data were obtained with C-imaging systems PCI-Simple software (Compix Inc. Cranberry Township, PA, USA).
Amino acid quantification
Amino acids were detected by reverse-phase highperformance liquid chromatography (HPLC) with precolumn derivatization (Montero et al. 2001) . A pilot study was preformed to validate there was no variation in amino acids detected on fresh samples verses those stored at −80°C or lysed with slow thaw to room temperature. A modification to this method was made to remove Tris from the derivatization solution which was not required. After experimentation, samples were stored at −80°C and subsequently lysed by slow thaw at room temperature prior to evaluation. Briefly, a derivation stock solution was prepared consisting of 0.027 g o-phthalaldehyde (OPA) in 1 ml of methanol, 5µl of ß-mercaptoethanol (ßMe) which was diluted to 10 ml with 0.1 M tetraborate buffer (pH9.3). Prior to derivatization, a 25% (v/v) solution of OPA/ßMe stock was prepared in 0.1 M tetraborate buffer, and the samples were derivatized for 3 min prior to injection. Briefly, 6µl of sample was dissolved in 15µl of distilled deionized water to which 15µl of OPE/ßMe was added. After derivatization, samples were brought to 700µl with mobile phase. The mobile phase consisted of 191 ml of water-prefiltered through C18 guard column, 50 ml methanol, 8.75 ml of acetonitrile, and 3.58 g of anhydrous sodium phosphate monobasic. The mobilephase pH was initially equilibrated to 3.5 with phosphoric acid and reestablished at pH6.6 using sodium hydroxide 5 N. Samples were run on an HPLC Waters system (isocratic) using a Waters 510 pump, HR-80 C18 column, 3-µM particle size (4.6×80 mm), and an ESA electrochemical detector columchem II detector with settings at: Guard 650 mV CH1: E 150 mV R: 100µA 2 s CH1 output 1 V, 0% CH2 E 550 mV R 5µA, filter 5 s Output 1 V 0% voltage. The flow rate was 1.4 ml/min and injection volume 20µl.
Organic acid quantification
Cell lysates were prepared by addition of H 2 SO 4 (final concentration 0.01 N), centrifuged at 6,500 rpm for 5 min, and filtered (0.45µm). Briefly, organic acids were quantified using an Interaction Ion-300 anion exchange column on a Waters 2487/Millennium 32 version 3.20 system controller with 2690 Separations Module and UV detector (210 nm; Silva et al. 2002) . The mobile phase consisted of 0.01 N H 2 SO 4 ; the flow rate was set at 0.4 ml/min, and column temperature was sustained at 40°C.
Aldehyde quantification
Acetaldehyde concentration was assessed using the Purpald reagent (Sigma Aldrich Technical Bulletin AL-145). Briefly, 20 mg of Purpald was dissolved in 2 ml of 1 N NAOH. A standard curve for acetaldehyde (2µM-2 mM) was prepared in PBS in 96-well plates, and the method was deemed sensitive and reliable. Quantification of acetaldehyde was assessed by OD at 550 nm using a Spectra Max 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Purpald reagent was found to be reactive with experimental media containing FBS; therefore, 24-h cell culture studies were preformed in PBS supplemented with glucose (0-10 mM)-FBS, both in the presence or absence of MPP + . The data indicate an absence of acetaldehyde accumulation in the media during cellular metabolism at 24 h; however, the method also establishes the absence of other aldehydes which would be detected by this dye including 5-hydroxypentanal, crotonaldehyde, benzaldehyde, 2-nitrobenzaldehyde, cinnamaldehyde, acetamidobenzaldehyde, and 2-chloro-6-nitrobenzaldehyde (Sigma Aldrich Technical Bulletin AL-145).
Aldehyde and ketone quantification
Dual confirmation for quantitative assessment of both aldehydes and ketones was performed using the Brady's reagent which yields an orange precipitate (dinitrophenylhydrazone) as a positive indicative marker. Briefly, 0.3 g of 2,4-dinitrophenylhydrazine (DNPH) was dissolved in 1.5 ml of concentrated sulfuric acid. The DNPH was added slowly to a solution containing 7 ml of 95% ethanol and 2 ml of distilled water and homogenized. One hundred sixty microliters of glutaraldehyde standard or samples were placed in 2 ml of 95% ethanol solution to which 1.5 ml of Brady's reagent was added. The samples were vortexed, allowed to settle for 20 min at room temperature, and examined for precipitate.
Acetoin quantification
Quantitative analysis of acetoin was performed using the Voges-Proskauer (VP) test. Briefly, samples and acetoin standards were diluted with 6% Barritt Reagent A: 5% α-naphthol (1-naphthol) dissolved in absolute ethanol and 2% Barritt Reagent B: 40% potassium hydroxide/distilled water (Fluka Analytical-Sigma Chemical, St. Louis, MO, USA). An acetoin standard curve was prepared and along with samples was added to the VP reagent and incubated at room temperature for 25 min. Quantification of acetylmethylcarbinol was assessed by monitoring OD at 550 using a Spectra Max 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).
Alcohol and β-hydroxybutyrate quantification Ethanol concentration was determined using alcohol dehydrogenase (EC 1.1.1.1) derived from Saccharomyces cerevisiae (Sigma, Tech. Bulletin A3263). Briefly, 3.5 mM (final concentration) of β-nicotinamide adenine dinucleotide solution (β-NAD) dissolved in PBS was added to the wells, and a prereading documenting OD at 350nM was acquired. A standard curve containing ethanol was prepared according to the experimental design in solvent of DMEM media-phenol red (LOD was established at three times noise=0.002% ethanol). To each sample, either 0.75 U/ml of ADH (final concentration) in 10 mM solution of sodium phosphate/water (+Enzyme) or an equal volume of 10 mM sodium phosphate without the enzyme (−E) was added. Quantification of NADH was assessed by OD at 350 using a Spectra Max 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Alcohol content of samples was also reconfirmed with a QED® A150 test kit using corresponding standards for butanol, isopropanol, and ethanol (CLIAwaived, San Diego, CA). And β-hydroxybutyric acid was determined using Precision Xtra Blood β-Ketone Strips (Abbot Laboratory, Alameda, CA, USA).
Data analysis
Statistical analysis was performed using GraphPad Prism (version 3.0; GraphPad Software Inc. San Diego, CA, USA) with significance of difference between the groups assessed using a one-way ANOVA, followed by Tukey post hoc means comparison test or Student's t test.
Results N-2A malignant neuroblastoma clearly display higher metabolic rates with increasing concentrations of glucose (1-10 mM), where high levels of glucose also prevent cell death incurred by the mitochondrial toxin MPP + (500µM; Fig. 1 ). The attenuation of cell death appears to be the result of providing enough glucose to sustain energy supplies through driving glycolysis when anaerobic mitochondrial respiration is halted. Previously, we have confirmed that 500µM of MPP + was adequate to block mitochondrial respiration by inhibiting complex I and IV in these particular cells (Mazzio and Soliman 2004) . produced through anaerobic glycolysis corresponds to the attenuation of cell death as in Fig. 1 .
Anaerobic glucose metabolism initiates a drop in extracellular pH(ex) as anticipated through production of lactic acid. Figure 3a (pH(ex)), b (phenol red OD) indicates a shift toward an extracellular acidic environments with higher concentration of glucose, further exacerbated by blocking mitochondrial OXPHOS with MPP + . While a reduction in pH (ex) is evident with anaerobic metabolism, viable cells appear to regulate pH(i) (Fig. 4) within narrow limits regardless of the changes in pH(ex). BCECF-AM is the most commonly used fluorescent probe to measure pH(i) in cells, where it is readily transported through intact plasma membrane and hydrolyzed intracellularly to BCECF-a green fluorescein derivative. The test is usually used to visualize intracellular pH(i) based on a rate of increased fluorescence intensity and subsequent ratiometric monitoring of cellular pH. However, in this application, Fig. 4 demonstrates that malignant neuroblastoma exposed to various GLU concentrations or 10 mM GLU + MPP + exhibits stability of internal pH(i) (spots of heightened intensity in yellow) relative to controls, where the only evidence for a reduction in pH(i) or lower fluorescence intensity is in cell samples incubated with MPP + without additional glucose. This was likely due to a drop in ATP as a result of glucose deprivation (Fig. 2 ) and cell death (Fig. 1) incurred by MPP + , leading to loss of cell membrane potential and infiltration of extracellular acids into the intracellular environment. This pattern of cellular regulation of pH(i) in cancer cells has been previously reported where melanoma cells will continue to maintain pH(i) to suit cell survival, while extracellular tumor pH(ex) drops below 7.0 as a result of heightened expression of monocarboxylate transporters, which likely transport organic acids to the extracellular microenvironment (Wahl et al. 2002) .
Metabolic products corresponding to the drop in pH were investigated (Table 1 ). The data show that N2A cells utilize glucose (Fig. 2) and pyruvate within the experimental media concurrent to accumulation of lactate, acetate, fumarate, and α-ketoglutarate (Table 1) . Coelution of malic acid and pyruvate at the same retention time (RT) prevented determination or analysis to examine malic acid production as a cellular metabolite. Anaerobic conditions set forth by the addition of MPP + + GLU (10 mM) resulted in greater accumulation of acetate and lactate, with no significant changes in fumarate and a slight rise in α-ketoglutarate. It is possible that other acids are being produced and more so under anaerobic conditions as evidenced by the rise in two unidentified peaks parallel to the rise in lactic acid. Future analysis will be required to elucidate the identity of these metabolic analytes which could shed further light into anaerobic pathways. Acetaldehyde, ketones, acetoin, β-hydroxybutyric acid, and alcohols (N=4) were also quantified relative to standard curves prepared in the same manner (Table 1 ). The data indicate no evidence for accumulation of these compounds both under aerobic or anaerobic conditions. However, there were trace levels of ethanol quantified below the LOD (3× STD) in the media after 24-h incubation. The data in general negate various types of fermentation reactions as a process involved with anaerobic energy metabolism in cancer cells.
In contrast, routine cell metabolism was associated with accumulation of L-alanine both in the presence and absence of MPP + (Table 1) . Anaerobic metabolism rendered less utilization of L-glutamine and L-serine but maintained accumulation of end products Lasparagine, L-aspartate, and L-glutamate. These cells also produced L-glycine or L-threonine; however, coelution of these amino acids prevented determination as to the specific analyte. In summary, these findings indicate that the pyruvate-alanine transaminase pathway may be involved with tumor cell energy metabolism in conjunction with glycolysis.
Discussion
Hypoxic and acid microenvironments propel aggressive malignancies where heightened anaerobic metabolism is associated with tumor progression, metastasis, and proliferation (Airley and Mobasheri 2007) . Cancer cells require abnormally high concentration of glucose because ATP is inefficiently produced through SLP rather than mitochondrial oxidative phosphorylation (OXPHOS). This heavy reliance on the glycolytic pathway is a hallmark feature of tumor tissue often visualized using 18 F-2-fluorodeoxyglucose positron emission tomography which shows distinct differences in the rate of glucose metabolism between the tumor and the host. While both use the glycolytic pathway, the disparity occurs at the point of pyruvate catabolism. In the host, pyruvate is largely converted to acetyl-CoA by mitochondrial PDH complex rendering reducing equivalents through Krebs cycle activity which drives the electron transport potential for production of ATP. Pyruvate is also the central molecule for diverse fermentation reactions in anaerobes, and in tumor cells pyruvate serves as substrate for LDH where NADH/ NAD + oxidation-reduction reactions drive the synthesis of ATP through SLP at phosphoglycerate kinase and pyruvate kinase (Armstrong 1983) .
The goal of this study was to investigate for potential evidence to support other fermentation pathways that drive energy processes in tumor cells by examining accumulation of metabolic products. The data from this study exclude any conclusive evidence to support the The data represent concentration of metabolic products and are expressed as the mean ± SEM (N=3). Statistical differences from the blank media controls (incubated under the same conditions) and cell-treated samples were determined by a one-way ANOVA followed by a Tukey post hoc test *P<0.05
following anaerobic microbial processes: alcohol fermentation (absence of acetaldehyde, ethanol), butanoate fermentation (absence of aldehydes, butanol, β-hydroxybutyric acid), glyoxylate cycle/hydroxypropionate cycle (absence of glyoxylic acid or accumulation of succinate, malic acid), diacetyl/acetoin/butanedione pathway (absence of acetoin, ketones), or acetone/ isopropanol fermentations (absence of accumulated ketones or isopropanol). Figure 5 provides a summary of the findings in this study.
The data in this study suggest that carbohydrate metabolism in tumor cells is largely dependent upon the fate of pyruvate and could involve the pyruvatealanine transaminase pathway which is inherent to Escherichia coli. The evidence to support this is based on accumulation of L-alanine [α-ketoglutarate] suggests potential involvement of pyruvate-alanine transaminase (ALT) or L-alanine/oxaloacetate aminotransferase (ASPAT) pathway. L-alanine could be reconverted to pyruvate through Lalanine dehydrogenase (ALAD) to regenerate NADH to drive LDH. Evidence also suggests that pyruvate may be condensing with coenzyme A to form acetyl-CoA which is converted to acetyl phosphate by phosphotransacetylase (PTA) and [acetate] by acetyl-CoA synthetase (ACS) which is a reaction that could contribute to a second source of ATP production anaerobic conditions, using MPP+, initiated the simultaneous loss of L-alanine concentration, corresponding to high accumulation of L-glutamine. These findings suggest that deamination reactions, in particular involving L-alanine, could be in high demand during anaerobic metabolism in order to sustain energy needs, despite ample glucose supply. The relevance of these findings needs further investigation to determine exactly how or why a reversal of L-alanine conversion to pyruvate influence tumor cell anaerobic metabolism. Accumulation of L-alanine is also reported in ancestral bacterial anaerobes, as it is readily synthesized from glucose through reductive amination of pyruvate by alanine dehydrogenase (ALAD) [EC 1.4.1.1] as in the case with lactic acid bacteria (Kleerebezemab et al. 2000) , E. coli and sulfur-metabolizing strict anaerobes such as archaeon Archaeoglobus fulgidus (Gallagher et al. 2004) . The known capability of anaerobes to produce L-alanine has broad application in pharmaceutical industry (Kleerebezemab et al. 2000; Wada et al. 2007) where it is manufactured from the carbon in glucose as a by-product of energy production in the absence of O 2 (Hashimoto and Katsumata 1999 Our findings corroborate previous reports of accumulated L-alanine, glutamate, L-alanine, and aspartate in malignant blastoma (Márquez et al. 1989) . However, the role of a metabolic pathway involving these metabolites needs to be further explored because it may lead to identification of a therapeutic target to block energy production in the tumor cell without harm to the host. Similarly, ALAD antagonists are thought to have therapeutic value in the treatment of other anaerobic pathogens such as Mycobacterium tuberculosis where ALAD expression is heightened with both severity of disease and hypoxia (Davidow et al. 2005; Starck et al. 2004; Agren et al. 2008) .
While the results of this study negate involvement of a number of metabolic pathways such as alcohol fermentation, butanoate metabolism, or diacetyl fermentation, the results suggest potential involvement of acetic acid metabolism (Fig. 5) . The observation of a coexistence of accumulated lactate, L-alanine, and acetic acid is not unique having been reported in organisms adept at surviving hypoxic environments including fly species resistant to hypoxia (Feala et al. 2007) , anaerobic bacteria, and parasites which thrive in the absence of O 2 (Ugurbil et al. 1978; Ravot et al. 1996; Darling et al. 1987; Kawanaka et al. 1989) . Acetate is a typical fermentation product often seen in facultative anaerobes such as S. cerevisiae or E. coli under anaerobic conditions where its production is involved with SLP and its utilization to drive glyoxylate cycle biosynthetic reactions. Typically, in microbes, acetate is formed from pyruvate which condenses with CoA to form acetyl-CoA which is converted to acetyl phosphate by phosphotransacetylase, serving as a substrate for acetyl-CoA synthetase (ACS) [EC:6.2.1.1], which produces acetic acid + ATP (Guillermo 2005; Lee and Liao 2008) . The ACS pathway is active in Candida albicans and is required not only for glucose metabolism but also propanoate metabolism, histone acetylation (also critical role in tumor cell transcriptional response to hypoxia), fixation of CO 2 through the Wood-Ljungdahl (reductive acetyl-CoA pathway), and reductive TCA cycle (Carman et al. 2008; Johnson et al. 2008; Takahashi et al. 2006; Ragsdale 2008) . And a recent report corroborates the existence of this metabolic avenue in cancer cells as evidenced by high cytosolic ACS expression which is required for tumor cell survival, although its function remains unknown (Yoshii et al. 2009 ). Although acetate is involved with ethanol fermentation reactions, the data show no evidence of this occurring in tumor cells.
In summary, we have assessed a diverse range of metabolic products commonly produced by a number of yeasts and lactic acid bacteria in association with reduction in pH(ex) (Panagou et al. 2008; Mugula et al. 2003) . The findings in this study suggest that there may exist other anaerobic pathways that drive the production of ATP outside of the EMP pathway. Future research will be required to outline metabolic events and define potential therapeutic targets which could enable blocking of tumor energy metabolism without adverse effect on normal host respiration.
